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_c._1'+'tt _m_'-_Y,nasa
Measurements h.ve been obtai_,ed o£ the pr,_ '_'6TAT,ON, VI ,,-_:-_i x

fl_ctuatio_ u_der the turbulent, _eparated region Read of

a torw_r_-facing step at Mach nu_nbers of 3.0l and 4.54.

These pressures are signiiic_ntly larger than th- presa,._ree

"_ produced by an attached boundary laye7 The data c_n i_e

_,_I. interpreted a_ sh_wi_J_ tha_ the prees_ Huctu_:ions orlgi-_ I

-_-_. i_I._ hate from two d/stinct causes ; /_,tctu_tions due to changes

tn the geometry o_ the separated ret_ion and /luc_ua_ion_ due
to the htrb_dent tree ahe_r layer. Th_ levels _o be expected

_., _ from each cause csn be e©timated from a shmple mcde1_
! , ._ /7

, v,,--
_. D_T RODU CTI_

_ Thio p_tper presents some_meaaturemer_s of thtitluctuat_ng .or_sl_ur$

.field associated with a separated, supezs_nic, turb_alent, boundary Iayer_
The nousteaay forces assoclat_d with turbulent flows have become of i_reas-

in i _nterest in recent years o,:_ng to the fact that /_ight vehicles are operaAed

in ,flow reg_es wit_ _arge dynamic pressures an¢_ are e.ub_ec_., therefore,

to la_, IIuct_ating forces. T_e p_ssure fluctuations _roduced b[ _t_.,_ched_

turtmlet_t _un_a_ layers hive been studied extenst_ely and are understood[

we_l enough thtt reasonable estimates of their levels ca_ be _de. It is _-

ales i_port_nt, however, to understand th@ nonsteaay forces caused by

separated D.owe since most wehiclea have separated flows over at least part

of their boondary. Th_se sepaeated region_ ex/st for _ variety ol causes;

" "*_This_tper preS-e_t-tm_esuIts O_ one phase o[ research carried out _,,_II_ Jet
Propulsic_n L_boratol_f_ Caii[orni/t/nsl:itute of Technology, under Contract
No. NAS 7-100, _ponso_e d by the National Aeron_uti¢m ar, d Spac_ Atbninistrs-
t_O_ ......

eePreeent a_dre,e: Y_Is U_ivezeity, New Haven, C,oanec_icut

i

1964000532



e.g., d_flected contro! surfaces or ,_ shock wave impinging on the surface.

Oar underst_n6ing of meparated flow8 ishoe sufficient for estimating the

fluctuating forces associated with them, not only beca_s_ of the ever-present

problem of the n_rb_ence structure but also because the m_n flow it_el_ is

n0*. understood.

This lack of understanding, as well as the _act that separated regions

are produced by & great variety of boundary conditions, makes it very diffi-

cult to select aparticular exln_ple for study that will yield _esults ol some

universality. The separated/low studied in this paper, _e flow shell of a

f0rward facing step in a supersonic stream, was selected for experimental

concenience and for the fact that extensive studies have been z_ade oi the

n-.e_n/low field. 1, 2 Only suf/icient mean data had to be taken to establish

_hat the flow w_s b_sica]/y the saxne as that studied by others, and then the

investigation could be lin_lted to the nonsteady features of the/low. In both

Kef0o I and Z it is stated that the Flow is unsteady, but no quantitative

m_urements of this component of the flow were obtained..

I. EXPERIME3_TAL _ GE/_IF.,NT

The ilow investigated was the side wall boundary layer oi the JPL

20-in. supersonic wind tunnel; the separation was produced wit_ a s_ep

obstruction on the wall. Pressure instnunent_tion was available £o.-

obtaining th_/]uctu&ting ¢ompo_nt o_ the pressure on the wail with a uni-

form frequ_.ncy response out to 200 kc. The sensitive element was a piezo-

electric di_k _.] in, thick and 0.. I in.dia.,su/tal_y mounted for dominant sensi-

livity tO pressure on its su_r_ace. 3 _ne pressure transducer location was

fixed, and _he wall pressure distribution on the center line o_ the aeparated

region was obtained .by moving the step along the w_ll in the stress', direction.

The me_._ static presage on the wall was mea_ured with a _tatham gauge

at _he same strea_wise locatio_ as the pzess_re transducer, The ,movable.

"Chapm_m, D.:It., Knehn, D.M,, a_d/._reoa, H.K.° NACA Rep. 13.56, 19MI,

2_gdonoH, S,,M. o Heat, Trax_er and Fluid Mechs_cs Instli_tI. Prep_,_I
of Paper_, Us/versit_ o1 C,alAfora/a at los A_gele_._ 1955. " "
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step was a piece ol angle iron two in. •high and ten in. wide. TY, c bearing

s_rface between the st_ _ the tunnel wail was sealed with a .te_ion strip

so that no leakage occurred under the step.

Measurement_ were made for Ireest_earn },- ,ch numbers of 3.01

_d4.54. "_he t_l pressmre was ] 60 crn-Hg in both cases, _n_ the _ot_1

t.emperaturewas abou_ 100" F. The bout.duty layer thickness ahead of _he

se_psr_,_d reg_on was I, 50 in. for the I_ = 3.01 _1c_, and 2. ()5 i_ /or the

M= 4. _4 flow. The history o_ thesG boundary layers wss such th_ they

Were ai_proxin_tel y equilibrium% _t plate, t_rl_ulent boun_a_/layers a,t

the sep__ po_, There was no'significant heat tr_s_er to th_ £Iow.

It, RF_SULTS

A, The Mean Pressure on the Wa_1

The m_ static pressure on the w_11 as a function of t_e distance

fr0a_ the f_e of the step is shown i_ Fig. I [or _t_ experixr, en_l c,,ses

_'ne mechanica_l lixnits ol the step rno_ion prevented _ny me_suren_en_s for

xr_ I0 in. sO that the pressure _ear the separation point lot ;he M = 4, 54

flow co_d not be obtained, x _s the distance _rom the step i;ce. For the

geometre _sed here, the pres0ure distribution i_ a function o_ _i,e _ach

number, the bo_ layer l_ynolds nt_nber, the r_io of the step height h

_o _ boundary layer thickness _, and the end conditions for the slep, The

_tep used here spanned h_ the tunnel width _I was _ive times as wid_ _s

- it wss high, Chapman, Kaebn, and L_rson obtained data _or very Isrge

ratios of step width to height, with ratios o_ h/_ approximately the sa_ne as .,

",hose presented here. The boundary layer thicknesses were not included in

their report but were obtained from Kuehn, 4 where essentially the sante

_as used° Bo_donoff has obtained data for a step of about the same

_spect r_o as the one used in this report, b_t his step spanned the tu_n¢._

so that the end conditions ale not the same as those encountered here. A

comparison of the mean pressure distributions for similar values of th_

relevan_ par_meter_ is shown in Fig. 2. P_ is thepressure ups_re_rnofthe
sep_r_d_t_n, point. .The three case_ show the known _eatures of the mean

NASA Mm0. 1-ZI-$gA, Yeb ary 1959.
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_ressure _istri_tion ahead of _ forward facing step. The pressure rises

rapidly near the separation point an.i then more _1o_vly a8 the first maximun •.

_z approached. After this peak, p_, the pressure dips _ little arid th_n
ri_es _gair.. ii-_ne_i_tely adjacent to the step face. The _'es_Its obtair_e_ _y

._'.lhapman, et al, are quite similar toth¢ _esu/ts obtained here, partic_!_rly

w_th respec_ to the pressure gradient near separation. Bo_onoif_s data

show s di_erent shape in this region, _ result mo_t _robably at_ribatable to

_he ef,_ects of the tunnel side wall bo_an_ary layers.

The d,ata obtained here have ,_ shoe near separation that displays a

pressure _radient near the m_ximum of that obtained by o_hers.

B. The F1uctu_ting Pressure

Three _'_/pes of measurements were made of the fluctuating pressure_

at the wall. _ne mean square t1_ctua:ion level was obtained for both the
/

_,._ = 3.01 and the i_ = 4,54 cases. '_,ae power spectra of_he M = 3.01

fluctuations were measured at several points wi_/_in the separated region.

F_.n_-_11_, the space-time correlation_ of the wall pressure Guct_tions were

,-_easured _or the lvt = 3,01 flow. Near the separatior, point, i.e.. _ the

re_ion where the mean pressure gradient is a maximurn_ th_ qualitative

_eatures o_ the _resaure _luctuat/or_s were observed to differ from t_e _ea_ures

well within the separated region. Away from the separation point, the time

history o_ the pressure a_ a point, a,_ observed on an o_illosco_e, appeared

as & _ormal turbu3ence signal (i. e., a_ a finite band width white noise), Hear

the separation point, the signal showed a distinct on-of/character. In thi_

re_i_n the signal could best be descx'ibed as a white noise superimposed, on

a random square wave whose amplit_ade was larger than tha_ of the noise. The

frequency of the square wave was considerably smaller than I kc, and by

I removing the frequency components below I kc with a high-pass filter, the

signal was converted to an appearance similar to a white noise With a high

percentage _quar_ wave modulation. This showed that the hig|_ofro_uency

component of the signal had different an_plit_des on the t_o levels of the

square wave.

Measurements og the mean square p_essure-fluctuation levels were

obtained bo_h with and without the square wave B.ltz,red o_t for th_ M = 3. Ol

flow. For the M _ 4.54 flow, measurement_ were made onlywith the

square wave _Gtered out. _

ii
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The results of _.ese measurements are shown in Fig. 6 for two dif_eren.

locations within _he M = 3.01 _eparated _0w. Foliowing the practice for

attached boundary layer measurements, a convection U is deLn_a" ' a_ the
c

quotient of. he transducer separation A x and the _h_.e del_ 7 at -*.hemaxi-

._..un_Of 1_e correlation. This velocity is also shown in F:_. 6. It i_ known

that the convection speed Zor the attached boundary layer at th-s ]_ach num-

ber is 0.6 of the free stream speed 3. This value is also show_, in _e figure.

The re_narkable thin E about these results is _a_ the cor, vec.lo_, _peed for the

eparz,ted flow, which can be roughly described as the spee " _he turbaalent

eddie_ most efficacious in producing the wall pressure, is i_: the direction

of the external stream. Since the flow at the wall ir_ "_he separated r,;_ion is

on the avera_,e in the opposite direction_ the pressure _uctu_tions move in

a direction opposite t,he local mean velocit 7.

I_. DISCUSSION

A. The Pressure Near the Separation Point

The _easurements of the mean and fluctuating components of the

wall pressure in the neighborhood of the separation point presented in the

preceding section can be combined into one consisten_ picture. The most

striking feature of the measurements near _eparation was the qualitative

behaviOro_ the signal. A sketch of this signal is snown in FiE. 7. The

pressure jumps back and forth between the levels Pl and P2' and at each

level the pressure oscillates with an amplitude characteristic of that lev,_l.

Th_ simplest explanation for such a behavior is that at an 7 instant the

pressure distribution along the wall is a step function, with the lower value

Pl in the reEion ahead of the separation point and p_ in the separated region.

If the location of this jump is not stationary but moves about over a _estric-

ted range, the pressure at some point in this range would have the general%

features that were observed. The measurements are explained quantita-

tively by the calculations below. The various pressure levels are defined

in Fig. _. p] and pz are _he mean pressures on the bottom and top cf the

step (i.e., the means computed only on tha_ set of times whe_ the high or

low pressure region of the step is present;). The instantaneou_: flucn_ations

' respectively. • is defined asabout th_" meatus aredenoted by p and P2'

the fraction of time tha_ the high presmare region Is ov@r the point oi interest;
/

i i ili i
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there'.ore, (I - _) is the fraction o.: time that the low pressure :egion is

Ore: this point, h is assumed that p_ and p_._re uncorrel_te_ with each
_ _ r " _ t hen fOl_OW S _ a _ .... " .................

The mean static pressure at the point o_ interest is

P = _PZ + (l-c)pl (I)

The mean square fluctuation around the mean pressure is

p.a -_.11 -.)(pa-pl )a "+ .p_Z + (I - _)p_Z (Z)

! The mean square p_essure level when the low frequency step is
_* ._ltered out i8
[

i- p.2 (_iltered)= .p_Z + (! o ,)p[Z 13)

Therefore, t can be obtained from the _._u press,ire measuremen:s, i.¢.,

I (P/Pl" {4)
- ' - (pZ/pl
E

i _ th_ other quantities can be predicted by the relations given above.

A P2 was selected that gave the best fit to the computed p'_ _uci

t and p_..was reelected correspon&Lug to this value o_ PZ" This va_ue o.t _'Zwas seen to occur a_ the location of an inflect.ion point in the mean pressure
r

curve. Thi_ second inflection occurs between the steeply A'ising portion o_

# the curve Ludthe hump ¢ontai_ng the peak pr.eesure. This second gnflec-

[ tion is preoent in most o/the measurem_.ts of the mean pressure d_strib_-

_ions.for a step flow (i_e., in the dala of Chapman, Kaa_n and LArsoa).
Since the flow st_Ked by them wls reasonahAy t_, _Lmensioc_al ow_n_ to _._e

_g_ upect ra_io of _heir model, :_e rel__tp bacwee_ flow _efisc_oa

and presets chanSe should bs Siwm by two _i_m_t_.ml _heory. I_ i_ is

_um._i th_ _e e=zern_ f_w Le6sfle_ed _Ju_mSI.an anS_e d_._m/ned by

• i
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0

the line _.etween the separation poin_ (the first inflection) and the corner

of the step, then the computed pressure behind the shocl: wave associated

with this deflecti_on is roughly that: at the second inflection o_ their dot;-,

The results of the calculation of the io,v frequency F.uctuation

levels on the ban is of the mean measurements are shown in Fig. 8. i= is

seen that there is good quantitative agreement between the measured -_nd

computed resulted. The small differences c_n most probabl_ b_ attributed

to the fact that the _tcp _unction _aes not have precisely square corners.
i

If this tow frequency unsteadiness of the pressure near tl_e r_ean

separation point is caused by motion of the ins_ar, t_neous location of the

separation point, as the dat,_ certainly sugg._st, then the question arises a_

to what c_ses this motion. One _os_ih':lity Ls that it i_ the resa;t of an

'acoustic oscilla$:,on of the entire sel_ra_ed region as is sometimes o1_served

in c&v'ity flows _. However, two _ieces ol evi4ence dlscre_ _hi_ expl_._on.

One wo-_Id expecl, such _ osciLl_ion to be reasonably p,!:rio_ic _ to be

detec:ab_ _ all points withh_ the _ep&r_ted region. The s_>ectr_ obliged

within "_he se_.ar_,ted'region, however, showed no evidem'.'.e of a st_o_._, low

fr_que._cy (less than I kc) energy concentration. _n ac_stic o_cill_ion

v,'oula _so b_ e_ected _o be reasonably well org_-_ized a.:ro_s Lh_ width Oi

the separ_te_ re_|ion, mainly bec_se ol _he reflection _r_._'_ the _ face of

the step. Schlie:_en p_ctures taken pars3_lel _. the separation l'_ne {z-d_rec_on).

however, do r,,ot show any organize_ pa_ern wire-,in =b_ _e_.arated _'egion. it

seer.s lfl_e]y t_el_e_ore, that an acoustic mech_misr_, is no_ the _i_._nt c_se

of _he separation point motion.

A=_other _ossible e_LanaAion for ".his n o_on is _.ha: _ne _Avic_ng sur-

_._ce is r_ndomly distor&ed in t_he _-direction. Th_s conjecture i_ s_p_orted

by t_e f_ct _h_ tJ_e motion o_ th_ separation _i>o_n_is no_ observed L'_ _':_her

s'.ill or mo_'.ion p,c._a_es of the flow. The ex_:ent of _s region {_ost the

e_tire re|_ion o_ |he steep pressuze rise) is _g _nough comp,&red to the bou_d-

&_ Layer _ckne_s tha_ i_ certa_nAy should b,_ visible i_ the motion were u=i-

_orm over _he wi_t_ o_ the sepa_ate_ region. A random v&ri,_ion in the

• -dire.ct_ _f _ swparatAo_ point. ]_oweve=, wo_d be _ver&_ed in & picture

nonma_ _o tb_ _,_. Yiurt.harzm_re. & cross stream distortion of the _owie

SKriaha_:aJzty. ;_. , NAC.A TechnlcaA No_e _487, 1955.

I I
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a _iau_a explana£ion of the observed e_ect _ince iar. ms supersonic ilow

any pezt_rbation that would increase the de_ec_ion angle of the divi_din_

" surface woul_ incre_e, the local pres_Dure, rush aside _e slowly .-_oving,

lOW density recizcu_t_ng fluid and increase the perturbation. IvIe_sure-

merits by Kuehn 4 halve shown _ a s_xpe.rsor_ic turbulen_ boundary layer

can suppor_ a larger pressure rise wiO_o_ separaZing _ha_ _at encountered

_or t.b_step __ow, so tb_t s_e motio_L ol _..e_eparazic=. poin,,i.-_o_i_,le

withou_ con%rad_ctin_ his m__ents. The _notion of _h_ separatiou

poin: ia_ limits41 _a_se If _e angl_ g,_s too large, either a new separa_o_

b_ _s forzned a_ae_ _f "_he old one or some _._h_r _cha_isn_ intervene_.

B. The Preslmze Inside the Se1_araled _egion

" The w_preslmres in_ige the separated region z.nd away from :he

separatism po'_ut seem to be caused _y the turbulent activity in the free shear

L_ye_ nea_ the _idin E s_=e_ line. T'ne fact that the convection _peed is

in the external flow direction and is o:[ about the same size _s that for an

aXtach_:d br, und_ry layer clearly irn_hes this. The nonsi_nilarity of tka

sl_c_ra 81_ws tha_ o_her mechanisms are also operatin_ in certain region_,

but they a_,p_ar zo be secondary influences on the wall pressure compared

to the free shea_- layer turSulence.

The press&re _luctuations on the wall are related to the forces

necessary _,o balance the momentum directed perpendicular to the wall in

the turbulent motion. For an attached boundary la¥._r, these forces are

proportionat to the mean marbulent shear. The pressures occurrin Z for

the separated layer are likewise related to the normal turbulent mornen_

and moat probably are proportional tO the shear on the free shear layer.

The proportionality f_ctor, however, depends o_ all the vari_51es charac-

terizing the r_ow since the presence o:_ the :recirculating flow modifies the

pressure distribution on the wall necessary to pro_uce a given force. The

geometry o_ this region as well as the dynamical properties of the flow

depend or._, h/8, etc. The level of the shear itself in the _ree she_-r

l&yer must depend somewhat on these variables.

The assumption that the pressur$ fluctuation is rela_d :o _he shear
!

in the sane way as _or an a_ched bo_dazy Layer leads to an e_timate Of

pJ bot_eem O. 05 and O. 1 o_ _he metro dynamic pressuze, q, The i_com-

pr_saib_e valu_ _o: the shear co@_ci,_t on the divid/ng l_e of a _ully

9 40005 2-009



developed free shear layer is in the range from 0.01 to O. 0;_. This value

decreases slowly with M accordin E to rnos_ investigators. For the. rhea-

' iG between I0 and Z0, which i8st_rement_ here where Cf = 0.001, P'/Pl

in the range of the measurements Since for the flow conside=-ed here, ""

is unlikely that the shear layer is fully developed, the actual shear coef-

ficientprobably lies between that for an attached boundary layer an,lthe

range stated above. The buffer of recirculatin& air (between the active

turb;_lentregion and the _vallwhich pez_its partial cancellation of _djacent

plus and minus pressure fluctua:tons)would also be expected to decrease

the pres:sure fluctuation le_velat the wall con%Dared to _hat which would_b_e

obtained <fthis " dead air" were not present. Perhaps the fac_ the';_he

convection velocity i_ about equal to the soured velocity throughout tlae

recirculating region and at the wall inhibits the cancellation effect at these

high ,'viachnumbers.

If the interior /luctuations are produced rnain!y by t.he_urb'.d_nce in

the shear layer, one would expect to encounter high levels also in _ake

regions. The only available n_.easurements of this case are those of

Eldred 6 who made measurements at subsonic speeds behind a bluff body.

His results showed only a small increase of the pressure levels due _o sep-

aration over those for an attached layer.

One possible expi_nation for this result within the framework

sketched above is _hat for subsonic flows, the dead air space does 4ecrease

the wall pressures by permitting the pressure fieldproduced by a given

momen_'_rn change to ._pr_ad, or, alternatively, by allowing zd_ace_t high

and low pressure producing regions to partially cancel.

In order to const_:ct a theo:,yfor the transpo_-t p:ol_ez:ies across

a separated region, it is necessary to have some model for _he _ntlro /low.

As one part o_ this model, it is necessary to make assumptions about _he

" properties ol the recirculating flow region. It is useful, therefore, _o

examine the relative size of the pressure fluctuations in _he zecirc_lating

region c¢.rnpared _o the mean dynamic pressure of the recirculatin_" +fl_.W . -"

in order to establish whether _ ste&dy model for this region iS a go,_d

approximation.,

_E d D' ' 'ldre K. McK. + _ournal of Acoustic Society of America, Vol. 33, .
_anuar7 1961,

+
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Me_suren-, ents of th_ .-'ever_eflow _re d£fiicultto om_.ain,b'_ _orne

rough measurements by :he author and hv others .nd!c .= r_,e.,r.axin_urn

reverse flow velocity is in the ra_.Se of frc.n_0.2 to 0._ of the velocity

outside of the free shear layer. For the _prox_...-T_ateI7adiabatic _ow con-

sidered her_, this implie_ that r/_einterna_ flow is _ubsonic with respect

to _he boundary and that it_ static t_n_peTa:ure is a_p_o_ima.te!y equ_,l:o

*.he._r_e_.rea_. _ot&l t_rnpera_ure. This assumption has some expcrimen-

t',/bac __.ngand i_ consistent with the ass'_'_ptionthat the :uzbulen_ Prandtl

number is near ome. If _he internal velocit7 is denoted by U V the external

velocity/by U O , and the internal and external densitie_ _y.Pi ' and Po '

' then ".he in;ernal dynamic pressure is given h7

Pi/Ui _Zl_ U z
qi =-_ w-! _-_o o (5)

poko/

U ° and Po are calculated for the c_ndition behind the shock wave that

appears near r/_eseparation point. The mean pressure inside the separa-

tion region is assumed near the pe_ pressure, pp , defined ezrile=. The
distribution of the pressure fluctu_don levels, excl_din_ the re_ion near _ae

separation point, has a shape similar to that of the mean pr_ssure. The

location of the peak is not the sane, however. If _Le pea/< value is _aken as

i characteristic of these levels, the e_p_rim_.n_al results give _/Pl = 19

fOr _ --3.01, and p'/p_ = IZ.8 ,'o:_M = 4.54. A tentative ca/cula_ion

shows that i_ Ui/U O is taken && 0.375 for the M = 3.01 flow, _i is equ_/

to the peak pressure iiuctuat/on level. Using this vai=e o" Ui/U c to ¢om-

I pure the va/ue of the peak (luctuation level at M = 4.54, it i_ found :hat

I_ p,/p_ : IZ. 3, which is close to.the rneasu_'ed value This calculation

showo _ha_ r_he flucl_a&t/ons in pressure within _he _ep_r&_ed region are of

i *.he sazne orde_r as the mean dynamic pressure within the sep&r&ted region.

Such a large value for p' compare_, to cl_ indicates that *.he iuternal flow

can change dire=_/on, and th&t _.he ._..,.,;.._,is sufficiently agitated _hat the

nonstead_ess should I_ Lnc/uded i_ an7 hea,', t:_nsfer or oth.r transport

' c_on for :he s_azaZed flow.

A q_sctms ,_a_sed by the p,.e,,_ _m._ts is: Wh_ is tb_ form o._ the pr_s-

sure _Justsd_a_io_ as_ step _i_i--!_._,-5ound_r7 Lzyer t_0.tckness ratio goes to

l , ,mm I' 1964000532-0 1



infirity? if the distribution is controlled by the motion of the separation

point, which in turn is rela_ed to some gross features of the whol_ flow,

the pressure distribution near separation would be expected to sc_e wi_

h as h/5 goes to infinity. Alternatively, if *"".no distribution is a so-called

free interac:ion, it would scale v_ith 6 as h/5 goes _.oinfinity. F_isting

published d_ta do not cover a sufficientrange of ../o to give an answ_r to

_his question.

Of practical importance is the q_eation whe*./teranything c_r.be clone

to limit the force fluczuations caused by a separated flow a_ super_(_nic

speeds. If the conjectures concernin E the low f_eque_.cy buffeting are true.

iZmight be possible to minin_ize _/ds co_npor,en: of the fores by fixing _he

location of the separation line. That is, it rni_chtbe poss_bie to ":rip" _he

_eparation by a small ramp so tha_ ",hehigh pressure region has a fi_-_d

area and, consequently, does not contribute an additional _uctua_ing force

:o the vehicle by rnovi.,gabout. The fluc_ating pressures oc_.urring well

,.,.._=hin the separated region seem to arise from the combined action of the

:frbulent shear layer and the recirc_ating _" .tow, so _h&t it is unlikely that

_nere exists a me,hod ior clr_st_callymo_liiyinE _he_e lev£1s other than by

&void.ing zhe separation itself......

IV. CONCLUSIONS

Associa=ad with a separated region on a vehicle in a supersonic

s=rearn are large time dependent forces. On the basis of data presented

here, these forces can be re_olvea into m_voco,_ponents; a low-frequency

buffetir.gcaused by changes in the geometry of _he separated region, an4

a wide baad fluctuation apparently originating in the free shear laver o_

the separated region. The magnitude of the loadinL produced by each com-

ponent ran be estimated on the basis of a plausible analysis pre.sen_ed

here, but i_ is clear that much mo_e _xpezirnental work is requiredbefore

a_y reliable .-_.cula_ on schen_e can be constructed.
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FIGURES

I. Mean pre._ure distributions for the two ex_erirnental cases

Z. Comparison of mean pressure distributions for approximately equal

value s of M and h/6

3. The rms pressure fluctuation levels

4. The pressure _uctuation levels compared to the mean i_re_suyes

5. Shapes ef the power spectra of the pressure F.uctua_ions {_he _reas

under _he spectra are equal)

6. Space-time correlations and the convection speed within the separa*.ed

_egion

7. Sketch of the time variation of the pressure at various points of _.he

separated region

8. Th_ pressure distribution near the separa_;ion poin_

i i
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